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Recent measurements of diffractive vector-meson production with the general- 
purpose detectors HI and ZEUS in electron-proton interactions with 300 GeV 
center-of-mass energy at the HERA accelerator complex have stimulated great 
interest in the question of whether perturbative QCD (pQCD) can provide an 
accurate description of such diffractive processes. The high flux of quasi-real 
photons from the 27.5 GeV electron beam has allowed high-statistics studies 
of vector-meson photoproduction to be compared to the deeply inelastic pro- 
cesses at high photon virtuality Q 2 » Aq Cd . Special-purpose electron detec- 
tors at small scattering angle have been used to identify a transition region, 
0.2 < Q 2 < 2 GeV 2 , where the pQCD prediction for the dominance of point- 
like configurations of qq-pairs is verified. Data samples characterized by high 
momentum transfer to the 820 GeV initial-state proton, I < \t\ < 13 GeV 2 , 
have now become available, and the results lend support to the proposition 
that pQCD calculations should accurately describe the inelastic vector-meson 
production processes in high-|t| photoproduction. Measurements of the energy 
dependence and the |i|-dependence of the elastic cross sections for p,oj,<j>, and 
J/tjj production have provided tests of the proposal that the mass (or size) of 
the vector meson provides a third scaling variable for studying the transition to 
the domain of pQCD applicability. A preliminary result on elastic T production 
has also been announced by the ZEUS collaboration. These issues of scale will 
be discussed in the context of topical phcnomenological models, comparing the 
HERA results and those from fixed-target experiments at lower energy to the 
wealth of calculations available in the contemporary literature. 
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1 Introduction 



The successful operation of the HERA electron-proton collider]] at the German 
national laboratory DESY (Deutsches Elektronen-Synchrotron) has opened a 
new era of experimental investigation into diffractive vector-meson photo- and 
leptoproduction. The ability of the HERA accelerator physicists to bring 27.5 
GeV electrons into collision with 820 GeV protons results in a kinematic limit 
of 300 GeV for the center-of-mass energy in the resulting photon-proton inter- 
actions, equivalent to that of a 50 TeV photon beam incident on a stationary 
proton target. This extension of the accessible energy range by more than an 
order of magnitude over previous experiments is of particular importance for 
studies of diffractive processes, since sensitivity to their characteristically weak 
energy dependence is thus enhanced, and since energy-dependent background 
processes are suppressed. The high flux of quasi-real photons from the electron 
beam further provides a copious source of photoproduced reactions which can 
be compared to deeply inelastic processes, a comparison spanning more than 
eleven orders of magnitude in photon virtuality^J 

This article concerns the diffractive production of vector mesons, a subject 
with a rich history, having been studied since the 1960s. Bauer et al. Q pub- 
lished a comprehensive review of the subject in 1978. In 1984, Holmes et al. 
reviewed the status of investigations of J/ip photoproduction. A summary of the 
investigations at HERA prior to 1997 and of the recent theoretical work stim- 
ulated by these measurements was published last year [pi. These processes are 
characterized by forward scattering of the proton or of the associated hadronic 
system in case of proton dissociation. Figure [l] distinguishes the processes we 

Figure 1: Schematic diagrams for 
diffractive vector meson production 
in electron-proton interactions, distin- 
guishing a) elastic and b) proton dis- 
sociative processes. See text for defini- 
' '" p,) ' M " tions of the variables and four- vectors 

refer to as elastic and proton dissociative. It also illustrates our definitions of 
the kinematic variables defined in terms of the four- vectors, for which we specify 
here the ranges relevant to the results covered in this article: 



lr The results discussed in this talk were obtained from data recorded since 1994, a period 
during which HERA operated a positron beam in collision with the proton beam. In our 
treatment of high-energy diffraction we will ignore effects associated with the sign of the 
initial-state lepton, and refer to it as "electron" in generic fashion. HERA is scheduled to run 
with an e~ beam in 1998. 

2 Although the initial state for all interactions studied at HERA consists of an electron 
and a proton, the HERA collaborations ZEUS and HI have adopted a convention of referring 
as "photoproduction" to neutral-current reactions in which the final-state electron escapes 
detection in the central detector by exiting via the beam pipe at small scattering angle, since 
in this case the typical values for the photon virtuality lie several orders of magnitude below 
the squared hadronic mass scale. 
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s, the center-of-mass energy of the electron-proton system, 



•s 



(k + P) 2 , yi = 300GeV, 



W, the center-of-mass energy of the photon-proton system, 



W 2 



(q + P) 2 , 20 < IF < 240 GeV, 



t, the squared momentum transfer to the proton, 



t = (P-P') 2 



(V-q) 2 



13 < t < -\t\ 



where 



1 1 mill 



2 (Af 2 +Q 2 ) 2 



VF 4 



with My indicating the vector-meson mass, m p the proton mass, and the photon 
virtuality designated by Q 2 = — q 2 = — (k — k') 2 . 

The characterization of the process in Fig. [I] a) as "elastic" is a misnomer, 
since rest mass is created in the reaction. The creation of rest mass results in a 
kinematically required minimum momentum transfer to the proton, |t| min . At 
HERA energies this minimum is negligible (|f| m i n ~ 10~ 4 GeV 2 ) with respect to 
the average value of \t\, motivating the use of the term elastic to distinguish this 
process from those in which the proton dissociates. For investigations at HERA 
where the final-state proton is not detected, the dissociative process typically 
represents a 10-20% background correction for the extraction of the elastic cross 
section for \t\ < 1 GeV 2 , but dominates at high \t\. 

Phcnomcnological interest in recent years has been spurred by indications 
that these diffractive processes are calculable in the context of perturbative 
quantum chromodynamics. The purpose of this article is to discuss the propo- 
sition that the hard scale necessary to the perturbative expansion may be given 
by either Q 2 , M y , or \t\. 



Several types of experimental evidence for the applicability of perturbative QCD 
(pQCD) calculations serve our discussion of scale issues. Some arguments will 
be based on the consistency of the measurements with specific predictions of 
pQCD calculations. Others will refer to the absence of effects known to be 
of nonperturbative origin. This section serves to introduce these arguments in 
order to facilitate the subsequent presentation of recent experimental results. 

Energy Dependence of Elastic Cross Sections 

The initial observation of elastic p Q photoproduction at HERA with a cross sec- 
tion comparable to that measured at an order-of-magnitude lower energy, and 
with an exponentially falling i-dependence, served as convincing evidence for 



2 Signatures for Perturbative QCD 
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the diffractive nature of the observed reaction Q] . An amazingly successful phe- 
nomenological description of total hadronic cross sections (and of forward elastic 
cross sections via the optical theorem) had been obtained by applying Regge 
theory and postulating a mixture of Pomeron and Reggeon exchange [^| . This 
parametrization of the energy dependence yields agreement with measurements 
over four orders of magnitude in center-of-mass energy, the Pomeron contribu- 
tion dominating above 50 GeV. According to this prescription, diagrammed in 
Fig. ^ a), the differential — > p°p cross section is described M as 



da_ 

d\t\ 



1*1 [ L 
so 



2( QjP (t)-l) 



ap (t) = 1.08 + 0.251 



The attendant logarithmic decrease of the exponential i-slope with energy || is 
discussed below. The energy dependence of the forward cross section is then 



da 

W\ 



■x 



t=o 



2( QJP (0)-1) 



oc W 4e 



0.32 



This weak power dependence on energy proved to give a good description of 
the HERA p° photoproduction cross section, the effective exponent reduced to 
e ss 0.05, owing to the integration over the i-dependence in the range covered 
by the data. 




Figure 2: Diagrams illustrating two types of elastic diffractive vector- meson 
production mechanisms: a) Pomeron exchange, calculated in the context of 
Regge phenomenology, and b) exchange of a gluon pair, calculated via pertur- 
bative QCD 



The calculations of diffractive vector-meson production based on perturba- 
tive QCD define the exchanged object as a colorless two-gluon state pO[|(scc 
Fig. ||b)). Ryskin JlJ] calculated a cross section for J/%p photoproduction pro- 
portional to the square of the gluon density. Brodsky et al. 15 pointed out that 
the point-like configurations of a qq pair expected at high photon virtuality must 
be longitudinally polarized, and calculated the diffractive p° production cross 
section for longitudinally polarized photons, also obtaining a dependence on the 
square of the gluon density. These calculations result in a much steeper energy 
dependence than described above for the total hadronic cross sections, since 
the gluon density has been measured by the HERA experiments [[l6| to rise 
steeply with decreasing x for x = Q 2 /W 2 <§; 1. To illustrate this point we show 



3 



in Fig. U the total 7 *p cross section derived from the HERA structure function 
measurements : 

a( 7 *p) = a T ( 7 *p)+a L ( 7 *p) » -J0-^F 2 (x,Q 2 ), (x 2 m 2 p ^Q 2 ). 



■ ZEUS 
□ HI 

• low energy 



Q"(GeV ; ) 





100 1000 10000 

W 2 [GeV 2 ] 



Figure 3: The value of the total photon- 
proton cross section cr( 7 *p) as a function of 
the squared center-of-mass energy for various 
values of Q 2 as measured by the ZEUS Jl6| and 
HI (l7) collaborations and by the NMC collab- 
oration at CERN. The curves represent 
calculations using the ALLM proton structure 
function parametrizations [ fL9| . The dashed 
line connects points where a;=0.1 



The curves result from 
structure function para- 
metrizations which cover 
the transition through the 
hadronic mass scale region 
in photon virtuality Jigf ] . 
Further information on these 
cross sections and their inter- 
pretation can obtained from 
the talk by A. Bornheim. 
Here we point out first the 
interesting threshold behavior 
for x > 0.06, where the proton 
diameter exceeds the virtual 
photon lifetime in the the pro- 
ton rest frame. The origin of 
the steep energy dependence 
at high Q 2 and high W, the 
HERA discovery, is clearly in 
need of an independent ex- 
planation. The cross section 
rises much more steeply than 
that for quasi-real photons, 
where the energy dependence 
is comparable to that of 
the total hadronic cross sec- 
tions. The behavior of these 
cross sections at energies 
higher than those reached at 
HERA remains an open and 
intriguing question^] 



3 The neutrino-nucleon total cross section at low energy is another example of a steeply 
rising cross section, proportional to W 2 . This energy dependence was successfully described 
by the Fermi theory of weak interactions for four decades until the Fermi theory was replaced 
by the elcctroweak Standard Model, which is now reaching a similar age. 
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Relative Contributions from ctl and ct t 



As mentioned above, QCD considerations lead directly to the expectation that 
the longitudinal cross section will dominate at high Q 2 jlj, [2l[] . Measurements 
of the ratio R = ctl/ct provide a direct test. 



Dependence on the Momentum Transfer to the Proton 

The exponential slope of elastic cross sections is directly related to the sizes of 
the scattering objects: b oc R 2 + Ry M - Since QCD predicts the size of the 
qq pair to decrease with increasing photon virtuality, this slope is of particular 
interest. Brodsky et al. jl5| emphasized their prediction of a flavor-independent 
slope at high Q 2 , the slope determined by the two-gluon form factor alone. 

The hadronic cross sections show an energy dependence in this slope, called 
'shrinkage' since the slope steepens with energy: 

oc e~ b|t| 6 = 6 + 2a' In— , a' P = 0.25 GeV~ 2 . (1) 
d|t| s 

Such an effect results from the analyticity and unitarity properties of the asymp- 
totic elastic scattering amplitude ||, and is unrelated to a QCD description of 
the cross section. Thus the absence of shrinkage is a positive indicator for the 
validity of a pQCD approach. 



Skewing in the p° — > n + n Mass Spectrum 

The amplitude for the diffractive production of the p° meson and its decay to a 
pair of pions interferes with that for the continuum production of a pion pair p2| . 
The resulting skewing of the dipion mass resonance has been extensively stud- 
ied and discussed [0, ^3|. While the effect is interesting, and may allow the 
extraction of the total pion-proton cross section at an energy much higher than 
that at which it has been directly measured, this skewing is irrelevant to QCD 
considerations. 



Vector Meson Production Ratios 

In 1978 Bauer et al. [EJ referred to a "serious weakness" in the understand- 
ing of the ratio of cf> and p° photoproduction cross sections, citing a factor of 
two suppression relative to the expectation from Vector Dominance. Assum- 
ing a point-like electromagnetic coupling to the valence quark content of the 
vector mesons, the ratios are given by p° : uj : (j) : J/ip : T 

9:1:2: 8 : 2. 
The rate for J/ip photoproduction was found in 1975 to be three orders of 
magnitude lower than this value, excluding Vector Dominance as a sufficient 
description of vector-meson photoproductiorQ Thus we will consider the pro- 

4 I thank B. Kopeliovich for pointing out that for models in which a flavor-dependent 
suppression mechanism applies to the vector-meson-proton cross section, Vector Dominance 
remains a viable prescription for the photon-vector-meson transition. 
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duction ratios to serve as an indicator for point-like, perturbative, couplings. 

These are the physical phenomena which we will use in the following discus- 
sion to address the question of applicability of perturbative QCD calculations 
to diffractive vector-meson production. At each step we will discuss the issue 
of hard scale, and whether it can be given by photon virtuality, momentum 
transfer at the proton vertex, or the mass of the vector meson. The status of 
the experimental results from the HI and ZEUS collaborations is that at the 
time of the International Europhysics Conference on High-Energy Physics in 
Jerusalem last August f27f . 

3 Energy Dependence of Elastic Cross Sections 

3.1 Elastic Vector-Meson Photoproduction 

Figure |] shows the measurements presently available for the elastic photopro- 
duction of p°, w, 0, and J /ip mesons, comparing these cross sections to the total 
7P cross section, of which elastic p° production accounts for about 7% at high 

energy. The resonance con- 
tributions to the p° and ui 
cross sections at low energy 
are clearly observed. Their 
absence in (p production has 
been used to identify diffrac- 
tive 4> production as a pro- 
cess particularly suited to the 
study of Pomeron exchange. 
The HI collaboration have 
used their lead/scintillating- 
fiber calorimeter to obtain 
a sample of J/ip mesons 
boosted in the direction of 
the initial-state electron mo- 
mentum, corresponding to 
values for W greater than 
200 GeV @. The steeper 
energy dependence for J/ip 
photoproduction far beyond 
the threshold region is strik- 
ing. Clearly Pomeron ex- 
change yields an insufficient 
description of this process, 

despite the validity of the same argument as was used for the (p meson. Since 
the ranges covered in both Q 2 and t lie far below the hadronic mass scale, 
this measurement indicates that the J/tp mass alone accounts for the observed 
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Figure 4: Measurements of the elastic pho- 
toproduction cross sections for p , oj, (j), and 
J/ip mesons versus energy, compared to the 
total 7p cross section. The lines indicate the 
slopes of two types of power-law dependence 



6 



consistency with pQCD calculations of the energy dependence. The predictions 
of such calculations using various gluon density parametrizations are shown in 
Fig. The quality of the measurements at high energy clearly allow one to 
discriminate among the shapes of the parametrizations. 
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Figure 5: HERA mea- 
surements of the elastic Jji\> 
photoproduction cross sec- 
tion compared to those at 
lower energy and to pQCD 
calculations employing vari- 
ous gluon density parametri- 
zations [(281 



Fig. ^ compares the measurements of J/ ip photoproduction to those at higher 
values of Q 2 . The energy dependence at high Q 2 is consistent with that observed 
for photoproduction, but statistical limitations prevent conclusive distinctions 
between the various calculations presently available [3^, which differ 

significantly in their predictions for the Q 2 -dependence. 

H1 preliminary 



c 



a. 



T 

__a. 
b 



10 z - 



1 



• H1 

T ZEUS 

★ ZEUS prel. 
A fixed target 




3.7 GeV 2 



1 6 GeV 



10 



10 



W rp [GeV] 



Figure 6: Comparison of the 
elastic J/tp photoproduction 
cross section to those mea- 
sured at high Q 2 by the ZEUS 
and HI collaborations 



The HI and ZEUS experiments will be presenting further results on the 
diffractive production of heavy quarkonia in the near future. Figure |?] shows the 
V>(2S) signal reported by HI last year Q . The elastic cross section derived at an 
average center-of-mass energy of 80 GeV, 17.9 ± 2.8(stat) ± 2.7(sys) ± 1.4(BR), 
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is consistent with the prediction of the color dipole model p3. This model 
predicts particularly striking Q 2 -dependent effects in the diffractive production 
of the radially excited states. 
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Figure 7: Signal for the 
photoproduction of ip(2s) 
reported by the HI collab- 
oration ll33| 



The ZEUS collabora- 
tion have used a combined 
data sample from the data- 
taking periods 1995-97 to 
extract a dimuon invariant 
mass spectrum which ex- 
hibits clear peaks at the 
J/tp and ip(2S) mass val- 
ues, as well as about 
thirty events in the T re- 
gion 1 38 , as shown in Fig. |[ 
The exponentially falling 
background is described by 
Bethe-Heitler lepton pair 
production 39 . The mass 



resolution is insufficient to 
resolve the T,T', and T". 
They report a result for 
the combined elastic pro- 
duction cross section in the 
energy range 80 < W < 
280 GeV which is about 1% 
of the elastic J/ ip photopro- 
duction cross section. 



PRELIMINARY 




nvariant Mass (GeV) 



Figure 8: Dimuon mass spectrum showing 
J/ip, "0(2S), and T peaks presented by the 
ZEUS collaboration 



3.2 Production of p° Mesons in Deep Inelastic Scattering 

The weak energy dependence of elastic p° photoproduction was one of the prime 
indications that a process similar to that observed for the total hadronic cross 
sections is operative. Here we address the question of the energy dependence for 
p° production at high Q 2 . Figure shows the present status of the elastic cross 
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section measurements summed over transverse and longitudinal contributions, 



Cr(7*p-*pp) — 0t(7*P^Pp) + °l(7*P^Pp) 

1 + R 



1 + sR 



(o"t(7*p- > pp) + £ cl(7*p^pp)) 



along with lines intended to indicate weak and strong types of energy depen- 
dence. The correction for the ratio of longitudinal to transverse photon flux, e, 
was made using the determination of R = o'l/o't described in Sect. ^. (This 
correction is small compared to the accuracy of the measurement owing to the 
narrow range in e covered by the data: 0.97 < £ < 1.00.) The statistical power 
of the high-Q 2 measurements does not allow a sufficient determination of the en- 
ergy dependence, and comparison to low-energy experiments is necessary. The 
measurements at Q 2 =0.48 GeV 2 , obtained with a special-purpose calorimeter 
installed in the ZEUS experiment near the beam-pipe in the electron flight direc- 
tion (BPC), show a dependence similar to that for photoproduction. At higher 
Q 2 , comparison to the low-energy experiments suffers from a discrepancy in the 
results from the NMC and E665 experiments, a discrepancy clearly evident in 
the E665 publication Furthermore, at the highest Q 2 and W points there 
is an inconsistency in the HI and ZEUS results of approximately a factor of two. 
A conclusion thus awaits more work and/or measurements. Figure O exhibits 
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Figure 9: Sum of longitudinal and 
transverse elastic p° electroproduction 
cross sections. The lines serve to in- 
dicate weak and strong power-law en- 
ergy dependences. 



Figure 10: Energy dependence of the 
elastic p° electroproduction cross sec- 
tions measured by the ZEUS collabo- 
ration at high Q 2 [pi . 



an attempt by the ZEUS collaboration to extract an energy dependence from 
their data alone [Q. A trend toward steeper energy dependence at higher Q 2 
is only weakly indicated by the data. 
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4 Momentum Transfer to the Proton as a 
Perturbative Scale 

4.1 Exponential Slopes 

As described in Sect. ^, the exponential i-slope in elastic scattering yields in- 
formation on the spatial extent of the interaction, which has contributions from 
the size of the proton and the size of the vector meson. The momentum trans- 
fer t is closely related to the negative squared transverse momentum of the 
elastically produced vector meson in the laboratory frame; the two quantities 
differ by less than the value of Q 2 . Thus the i-slope is accessible even when 
neither the final-state proton nor the final-state electron is detected, provided 
Q 2 is limited to less than a few GeV 2 , a condition satisfied by requiring the 
electron to have escaped the central detector via the beam pipe in the electron 
flight direction. Figure |ll| shows the extraction of the \t\ dependence by the 
ZEUS collaboration in elastic J/tp photoproduction (43): (a) the dependence 
of the J/ip photoproduction cross section on the squared transverse momen- 
tum of the J/ip, p%, (b) the factor, F, required to relate the p\ dependence 
to the \t\ dependence, derived from simulations, (c) the ^-dependence of the 
J/tp elastic photoproduction cross section. The result for the exponential slope, 
4.6 ± 0.4 (stat)^Q '^g (sys) GeV 2 , is compared to values obtained for the p°, uj, 
and <p mesons in Fig. O. The trend toward smaller qq configurations at higher 
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Figure 11: Elastic J/tp photoproduc- 
tion cross section: 1) the measured p\ 
dependence, b) the conversion factor 
F, calculated via simulation, used to 
convert the p\ dependence to the \t\ 
dependence, and c) the result for the 
\t\ dependence, as published by the 
ZEUS collaboration [@ 
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Figure 12: Exponential slope in the 
t-dependence of the photoproduction 
cross section plotted as a function of 
mass for each of the vector mesons in- 
vestigated by the HI and ZEUS col- 
laborations 
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vector-meson mass is clearly observed. The value for the J/tp is consistent with 
the value of about 5 GeV determined for the proton alone from pp elastic and 
single dissociative scattering measurements, from which one can conclude that 
the J/tf) is smaller than the proton. 

The large Q 2 range covered by the 
elastic p° leptoproduction measure- 
ments at HERA is shown in Fig. |l3|, 
together with E665 results at low en- 
ergy. A trend toward decreasing size of 
the qq configuration with Q 2 , as pre- 
dicted within the framework of QCD, 
is confirmed. 
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Figure 13: The exponential slopes of 
the elastic p° production cross sections 
as a function of photon virtuality Q 2 
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4.2 Shrinkage 



A question important to the determination of the fundamental physical process 
underlying diffractive vector-meson production is whether a value for a'p (see 
Sect. |) can be measured, and whether the result is consistent with that derived 
from total hadronic cross sections. 



Figure 14 shows a comparison by 
the ZEUS collaboration @ of 
their measurements for the expo- 
nential slope b with those at low 
energy in order to test consistency 
with Eq. [l]. Despite the long lever 
arm in energy provided by the 
HERA data, the measurements do 
not allow an unambiguous conclu- 
sion. A fit to the ZEUS data points 
alone yields the result a'p = 0.23± 
0.15 (stat)+°;o° (sys) GeV" 2 ||, 
which is shown as the line in 
Fig. || 
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Figure 14: The exponential slope of the 
t distribution for elastic p° photoproduc- 
tion as a function of the center-of-mass 
energy W . The line indicates the fit re- 
sult described in the text (45(1 



The HI collaboration has presented an analysis of the average transverse 
momentum of J/ ip mesons in elastic photoproduction [^8| , comparing the result 
to ZEUS results and to measurements at low energy. Figure [if] shows the results 
of the analysis, as well as the expected behavior for a'p = 0.25 GeV -2 and for no 
^-dependence at all. The data are consistent with each of the two assumptions. 
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Figure 15: The average 
transverse momentum of elas- 
tically photoproduced J/ -0 
mesons as a function of the 
center-of-mass energy W 



Last December, A. Levy put out a preprint describing an analysis |4(| in 
which he attempted to determine ap directly by fitting the exponent in an as- 
sumed power-law VF-dependence for the value of da/dt in five distinct f-bins, 
employing ZEUS, HI, and low-energy data from the EMC and E401 experi- 
ments. 5 

The results are shown in Fig. [l^, and 
exclude with a high degree of confi- 
dence the shrinkage exhibited by the 
total hadronic cross sections. Along 
with the steep energy dependence 
of the elastic J/tfj photoproduction 
cross section, this absence of shrink- 
age points to the validity of a pQCD 
approach in describing this process. 



Figure 16: The value for ap as a 
function of t determined from fits to 
the VF-dependence for the differential 
elastic J/ ip photoproduction cross sec- 
tions as described in the text Q . The 
result excludes a shrinkage effect of the 
magnitude observed in total hadronic 
cross sections 



r p -> J/f p 


a(t)= (1.153±0.027) 

.... a(t) = 1.0808 + 0.251 

_ 1 IhU 1 


+ (-0.001 ±0.072)t 

DL 















■2 -1.5 -1 -D.5 0.5 1 1.5 2 

t(GeV z ) 



5 A major distinction between Levy's approach and that of the HI analysis is Levy's in- 
sensitivity to the factor e' *, since he restricts his consideration to the W dependence. The 
quantity < > employed in the HI analysis is primarily determined by the e °* factor (see 
Eq.|.) 
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4.3 Dipion Mass Spectrum in p° Photo-production 

The ir + ir~ mass spectrum in low-|t| p° photoproduction exhibits an asymmetry 
which can be described by the interference with continuum dipion production, 
as described in Sect. 0: 



dN 



A 



rMpTp 



M 2 



M 2 p + iM p T p 



B 



(2) 



The ZEUS collaboration has employed a data set based on their beam-pipe 
calorimeter to quantify this skewing effect in the region 0.25 < Q 2 < 0.85 jl?]; 

as shown in Fig. [lj]. Extracting the elastic p° cross section from the result, 
they studied the Q 2 dependence by comparing the cross section measured at 
Q 2 w M 2 with the results at high Q 2 and found the data to be consistent with 
the same value of the exponent n when using the parametrization (Q 2 + M 2 )~ n , 
as shown in Fig. [l^. 



ZEUS(BPC) 95 PRELIMINARY 




ZEUS 94 PREL. + ZEUS(BPC) 95 PREL. 



<W>=52 GeV 
n=1.94 ± 0.12 (stat) ± 0.18 (sys) 



<W>=56 GeV 
n=2.52 ± 0.28 (stat) ± 0.24 (sys) | 



MJGeV) 



Q (GeV ) 

Figure 18: The Q 2 dependence of the 
p° elastic cross section. See text for 
details 



Figure 17: Acceptance-corrected 
7r + 7r~ invariant mass distribution for 
elastic p° production for the region 
0.25 < Q 2 < 0.85. The curves are the 
result of a fit to the function in Eq. || 

The ZEUS collaboration installed another small electron calorimeter near the 
beam pipe 44 m from the interaction point prior to the 1995 running period, 
with acceptance limited to Q 2 < 0.01 GeV 2 . In this manner they isolate a 
sample of high \t\ p° mesons, identifying the transverse momentum of the p° 
with the momentum transfer to the undetected proton. This extends the study 
of the mass spectrum skewing to higher \t\ than was possible with the high- 
statistics elastic photoproduction investigation without the photon tag as 
shown in Fig. [l9| The results clearly show the relative contribution of the 
nonperturbative continuum to decrease with \t\, and to become consistent with 
zero for |f| > 1 GeV 2 . 
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Figure 19: Ratio of the B to 
A parameter (see Eq. |^) in 
diffractive 7r + 7r~ photopro- 
duction in the p° mass region 
as presented by the ZEUS 
collaboration El EI, EI M 



4.4 Vector-Meson Production Ratios 

ZEUS 1995 PRELIMINARY 



The same tagged photoproduc- 
tion sample was used by the 
ZEUS collaboration to study the 
production of <fi and J/ij) mesons 
relative to that for the p° as a 
function of t. Figure shows 
the ratios to be rising toward the 
values of 2/9 and 8/9 expected 
from a flavor-independent point- 
like electromagnetic coupling to 
the valence quark content of the 
vector mesons. 

Figure 20: Ratios of <j> and J/ip 
production to p° photoproduc- 
tion as a function of t. See text 
for details 
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4.5 J/tp Photoproduction 

The HI collaboration has studied J/ip photoproduction at high values for the 
J/ip transverse momentum, as shown in Fig. EHl They find that a good descrip- 
tion of the measurements is given by the pQCD-based calculation of ref. [pl"|. 
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Figure 21: The J/tp photoproduc- 
tion cross section as a function of the 
squared transverse momentum of the 
J/tp as reported by the HI collabora- 
tion |5(J. The solid line is the result 
of the pQCD calculation described in 
ref. H]]| 



A firm prediction of QCD for the diffractive leptoproduction of vector mesons 
is that the cross section for longitudinally polarized photons will exceed that 
for transversely polarized photons at high Q 2 |l5|, |2l| . The present status of 
the HERA analyses of the vector meson decay angular distributions allow the 
extraction of R = ox /ct only under the assumption that helicity is conserved in 
the s-channel amplitudes for the 7* / p° transition (SCHC). While this assump- 
tion is justified by the results of low-energy experiments, and is supported by 
consistency checks using the HERA data, the statistical power of the data has 
not yet permitted a complete determination of the spin-density matrix elements. 
The purpose of this section is to introduce the mechanics of the helicity analyses 
and present the current status of determinations of R as a function of Q 2 . 

5.1 Decay Angle Distributions 

and s-Channel Helicity Conservation 

The diffractive dissociation of a real photon into a massive vector meson presents 
two fundamental questions: 1) How do the two polarization degrees of freedom 
of the photon relate to the three degrees of freedom available to the vector 
meson? 2) We expect helicity to be conserved in this strong interaction, but 
in what frame? A priori it is unclear whether spin should be quantized along 
the photon direction or along the vector meson direction. Schilling et al. |32| 
addressed the first question by decomposing the p° decay angular distribution 
into contributions from the various polarization states of the photon: 

• unpolarized: W(6 h , <j> h ) = W°(8 h , <f> h ), 

• circularly polarized: W(9 h , c/> h ) = W°(8 h , <j) h ) ± P^ W 3 (6 h ,<f> h ), 

. linearly polarized: W(9 h , 4> h , $ h ) = W°(0 h ,<M-I* cos2$ ft W l (9h,<M 

- Pi sin2$ ft W 2 (6 h , 4> h ), 




(I 123455789 10 

p; [ GtV 2 ] 



5 Helicity Analyses 
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where P^ and Pi. are the degrees of circular and linear polarization. The angles 
are defined with respect to the planes shown in Fig. ^2] as follows: Oh and <fih 

Electron Scattering Plane 




e' 



c 



Figure 22: Schematic diagram of 
the planes in diffractive p° production 
used to define the helicity angles as 
specified in the text 

are the polar and azimuthal angles of the momentum of the positively charged 
vector-meson decay product in the coordinate system where the z axis is defined 
to be along the the vector-meson momentum in the 7p center-of-mass frame and 
the y axis is perpendicular to the vector-meson production plane, and where <J>h 
is the angle between the vector-meson production plane and the electron scat- 
tering plane. They derived expressions for these angular distributions in terms 
of the spin-density matrix elements describing the vector-meson spin state, the 
W a depending on the elements pf k , with i, k = —1, 0, +1 representing the three 
polarization states of the vector meson. Thus the element p^ Q represents the 
probability for producing a longitudinally polarized vector meson from unpo- 
larized transverse photons, p\_i corresponds to the interference between the 
amplitudes for producing vector mesons in the helicity states 1 and -1 from 
linearly polarized photons in the helicity state 1, and so on. 

The second question was addressed in detail by Ballam et al. in the early 
1970s, when they studied p° photoproduction in a bubble chamber using a lin- 
early polarized back-scattered laser beam. They compared the matrix elements 
calculated from the decay angular distributions in a coordinate system where 
the spin quantization axis is aligned with the photon direction (the Gottfried- 
Jackson frame) with those calculated in the s-channel helicity frame, where 
the spin is quantized along the vector-meson direction in the "fp center-of-mass 
frame. Figure [23] shows the sine of the angle between those frames as a function 
of t for p°, <fi, and J/tp mesons. It is particularly interesting to note that for 
J /ip photoproduction significantly higher values of \t\ must be reached before 
the discriminating power between the two hypotheses becomes comparable to 
that in the case of the p° or cf> meson. Figure |24| shows the measurements by 
Ballam et al. |33j which confirmed s-channel helicity conservation (SCHC). The 
matrix element p$ Q , which represents the probability to produce longitudinally 
polarized p° mesons from the transverse photons, is consistent with zero for 
\t\ < 0.5 GeV. This measurement prompted Gilman et al. to point out that 
the result is inconsistent with the hypothesis of i-channel exchange of a spinless 
particle [[54] . 
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Figure 23: The sine of the angle 
between the Gottfried-Jackson and s- 
channel helicity frames as a function 
of t for p , <fr, and J/ip mesons 
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Figure 24: The spin density matrix 
element Pq as a function of t measured 
by Ballam et al. |53 



Schilling and Wolf [[55] generalized this treatment to the case of virtual pho- 
tons (R > 0). They noted that the decay angular distributions for unpolarized 
transverse photons are indistinguishable from those for longitudinally polarized 
photons, and therefore defined the following linear combinations of the matrix 
elements: 

04 Pik j~ £ Rpjk 



1 — 3 (transverse) 

5 — 8 (long. /trans, interference). 

The R dependence of these terms identifies them as arising from transverse 
or longitudinal amplitudes, or from the interference of the two. Circular photon 
polarization (a = 3) in leptoproduction requires longitudinally polarized initial- 
state leptons, so the HI and ZEUS experiments will not have information on 
rf k until spin rotators are installed, which is a few years off. However, the 
E665 experiment has published results jll| for circularly polarized photons (the 
initial-state muons are produced longitudinally polarized via pion decay), and 
the HERMES experiment |56| is also sensitive to these matrix elements due to 
their spin rotators. 



' Ik 



Pik 

1 + ei?' 
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5.2 Measurements of the Q 2 Dependence of R 



The assumption of SCHC allows the ratio R to be determined from the distri- 
bution in the polar angle 9^ of the 7r + in the p° rest frame by measuring the 
probability Tqq that the p° is produced longitudinally polarized: 



1 



' oo 
diV 



N d(cos Oh) 



[1 



„04 
'00 



(3 



,04 
00 



1) cos 2 9 h ] 



and deriving R via R = r§o/ [e(l — r oo)] ■ 



The polar angle distributions measured by the ZEUS collaboration using 



data from their beam-pipe calorimeter and the resulting values for 



,,04 
r 00> 



along 



with those determined from the measurements at higher Q , are shown in 

Fig. n mm 

These results clearly show a trend toward increasing contribu- 
tion from the longitudinal cross section with increasing Q 2 . Figure |26| compares 
these results to those from E665 jll] and HI, which support the conclusion that 
R increases with Q 2 as predicted in pQCD. The HERMES collaboration is also 
presenting measurements of R in this region of Q 2 at this workshop |5q] . 
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Figure 25: Polar decay angle distri- 
butions for the ZEUS p° samples and 
fit results for r§Q at intermediate and 

high q 2 m m 
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Figure 26: Values for R as a function 
of Q 2 derived from the spin-density 
matrix element t-qq under the assump- 
tion of SCHC 



Martin et al. |37j have calculated the Q 2 de- 
pendence of the ratio R for p° electroproduc- 
tion. Fig. ^ compares their results for var- 
ious assumptions of the parton distribution 
functions with the ZEUS and HI measure- 
ments. 

Figure 27: Values for the ratio R measured 
at high Q 2 at HERA compared to the pQCD 
calculations of Martin et al. |37] using vari- 
ous assumptions for the parton distribution 
functions 
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5.3 Spin-Density Matrix Elements at High \t\ 

The p° photoproduction data from the ZEUS 44-m electron detector can be 
used to address the question of whether the ratio R also rises with \t\. The 
first attempt at such an investigation is shown in Fig. 28 [Q, where the polar 

ZEUS Preliminary 




3 S 



Figure 28: a)-d) The polar decay angle of the 7r + in p° photoproduction in 
four t bins measured using the ZEUS 44-m tagger, e) the value for Tqq derived 
from the polar angle distributions |5^] . 

angular distributions in four t bins and the resulting t dependence of Tqq are 
shown. No significant deviation from the SCHC expectation is observed, i.e. 
the results are consistent with no longitudinal component at high \t\. 

The analysis of the azimuthal angular dependence in this data set yielded a 
surprising result: the dependence exhibited in Fig. p9| shows a deviation from 
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Figure 29: a)-d) The azimuthal decay angle of the ir + in p° photoproduction 
in four t bins measured using the ZEUS 44-m tagger, and e) the value for r^_ x 
derived from the azimuthal angle distributions p8|. 
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r i-i = 0; indicating a nonzero contribution from the interference of hclicity- 
violating amplitudes. However, the interpretation of these results is complicated 
by the dependence of the spin-density matrix elements on the invariant mass 
of the pion pair in the p° mass region. No such violation is observed for <p 
production in the 44-m sample; further details are available from the talk by 
J. Whitmore |§. 

6 Conclusions and Outlook 

Investigations into high-energy diffractive vector-meson production at HERA 
are yielding intriguing indications that perturbative quantum chromodynamics 
may provide an accurate description of these processes in specific kinematic 
domains. The energy dependence of the elastic J/tp photoproduction cross sec- 
tion is inconsistent with the Pomeron exchange which describes total hadronic 
cross sections, but consistent with perturbative QCD calculations assuming the 
exchange of a colorless gluon pair. A cross section for the photoproduction of 
V*(2S) mesons has been reported by the HI collaboration and ZEUS has re- 
ported the observation of a signal for T photoproduction, promising interesting 
comparisons with pQCD calculations which invoke the vector-meson mass as 
the hard scale. The pQCD calculations for p° photoproduction predict an en- 
ergy dependence steepening with Q 2 for p° electroproduction, but the statistical 
power of the data available at present do not allow a conclusion concerning this 
prediction. 

The slopes of the exponential dependence on t, which yield information on 
the spatial extent of the interaction, show a decreasing tendency both as a 
function of vector-meson mass and as a function of photon virtuality in the case 
of p° electroproduction. The slope for J/tp photoproduction is consistent with 
the size of the proton alone, indicating that the J/tp is significantly smaller 
than the proton. Several attempts to quantify an energy dependence in these 
slopes (shrinkage effects) have proven how difficult the measurement of such a 
logarithmic dependence can be. However, a recent analysis by A. Levy excludes 
for J/tp photoproduction the magnitude of the shrinkage effect observed in the 
total hadronic cross sections, encouraging a perturbative approach in describing 
this process. 

High-statistics measurements of p° photoproduction by the ZEUS collab- 
oration, and isolation of a high-|t| sample have allowed detailed study of the 
contribution of a continuum 7r + 7r~ background relative to that for resonant p° 
production. The relative contribution is observed to decrease sharply with in- 
creasing \t\, reaching a level of less than 10% for |i| > 1 GeV 2 . The rates of 
<j> and J/tp photoproduction increase with increasing \t\ relative to that for the 
p° meson, approaching values expected in the case of flavor-independent point- 
like photon-quark couplings. Measurements by the HI collaboration of J/tp 
photoproduction at high \t\ support the claim that the dominant interaction 
mechanism for \t\ > 2 GeV 2 can be described perturbatively. 

The high-energy HERA analyses of vector meson decay angle distributions 
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yield results consistent with the s-channel helicity conservation (SCHC) ob- 
served at low energies. Deriving values for the ratio of longitudinal to trans- 
verse contributions to the elastic p° cross section as a function of Q 2 under the 
assumption of SCHC, the ZEUS collaboration confirmed E665 measurements 
identifying the range 0.2 < Q 2 < 2 GeV 2 as a transition region to dominance of 
the longitudinal cross section, as predicted by QCD. The measurements from HI 
and ZEUS for Q 2 > 5 GeV 2 show the ratio R continuing to increase, consistent 
with detailed pQCD calculations of the Q 2 dependence. The ZEUS collabo- 
ration has used their high-|i| sample to address the question of whether the 
longitudinal contribution also increases with \t\ in photoproduction, but found 
no conclusive evidence for longitudinal p° polarization. 

The future of these investigations at HERA is very promising. The mul- 
tivarious tests of pQCD already available have shown that the HERA data is 
sensitive to the transition region in each of the variables My, Q 2 , and t. With 
the exception of the ZEUS high-|t| and T analyses, the studies described in this 
report are based on data recorded prior to 1996. 

Figure [30] shows the yearly inte- 
grated luminosities at HERA for 
the years 1992-97. One can con- 
clude that an increase in statis- 
tics of a factor of five will be ob- 
tained when the presently avail- 
able data have been analysed. The 
planned HERA luminosity upgrade 
program will provide a factor of 
about five in instantaneous lumi- 
nosity, with a goal of 1 fb _1 by 
the year 2005, more than an or- 
der of magnitude greater than that 
recorded to date. 

Figure 30: The yearly integrated 
luminosity delivered by HERA dur- 
ing the years 1992-97. 

The statistics-limited studies such as those at high photon virtuality and 
those of heavy-quarkonia production can therefore be expected to improve sig- 
nificantly both on short and intermediate time scales. Given in addition the elec- 
tron polarization program for the HI and ZEUS experiments, which will extend 
the helicity analyses, we can expect many fruitful investigations of diffractive 
vector-meson production at high energy in the years to come. 



HERA luminosity 1992-97 




Mar Apr May Jun Jul Aug Sep Oct Nov 



21 



Acknowledgements 

I would like to acknowledge useful discussions with E. Gotsman, B. Kopcliovich, 
T. Monteiro, M. Strikman, L. West, and J. Whitmore. I thank the conference 
organizers for their support. This work is also supported by the Bundcsminis- 
terium fur Bildung und Forschung. 

References 

[1] T.H. Bauer et al., Rev. Mod. Phys. 50 (1978) 261 

[2] S.D. Holmes, W. Lee, and J.E. Wiss, Ann. Rev. Nucl. Part. Sci. 35 
(1985) 397 

[3] J. A. Crittenden, Exclusive Production of Neutral Vector Mesons at the 
Electron- Proton Collider HERA, Springer Tracts in Modern Physics, Vol- 
ume 140 (Springer, Berlin Heidelberg, 1997) 

[4] The ZEUS Collaboration, Z. Phys. C 69 (1995) 39 

[5] R.M. Barnett et al., Phys. Rev. D54 (1996) 1, Figure available at 
http://durpdg.dur.ac.uk/lbl/1997/hadronicrpp_pagel4.ps 

[6] A. Donnachie and P.V. Landshoff, Phys. Lett. B 296 (1992) 227 

[7] A. Donnachie and P.V. Landshoff, Phys. Lett. B 348 (1995) 213 

[8] J.R. Cudcll and I. Roycn, Phys. Lett. B 397 (1997) 317 

[9] V.N. Gribov, Sov. Phys. JETP 14 (1962) 478, Original: JETP 41 (1961) 
667 

[10] F.E. Low, Phys. Rev. D 12 (1975) 163 

[11] S. Nussinov, Phys. Rev. Lett. 34 (1975) 1286 

[12] S. Nussinov, Phys. Rev. D 14 (1976) 246 

[13] B. Humbert and A.C.D. Wright, Phys. Rev. D 15 (1977) 2503 

[14] M.G. Ryskin, Z. Phys. C 57 (1993) 89 

[15] S.J. Brodsky et al., Phys. Rev. D 50 (1994) 3134 

[16] The ZEUS Collaboration, Z. Phys. C 72 (1996) 399 

[17] The HI Collaboration, Nucl. Phys. B 470 (1996) 3 

[18] The NMC Collaboration, Phys. Lett. B 364 (1995) 107 



22 



[19] H. Abramowicz et al., Phys. Lett. B 269 (1991) 465 

[20] A. Marcus, Energy Dependence of the 7*p Cross Section, Master's thesis, 
Tel-Aviv University, 1996 

[21] J.C. Collins, L. Frankfurt and M. Strikman, Phys. Rev. D56 (1997) 2982 

[22] S. Drcll, Phys. Rev. Lett. 5 (1960) 278 

[23] J.D. Jackson, Nuovo Cimento 34 (1964) 1644 

[24] P. Soding, Phys. Lett. 19 (1966) 702 

[25] M. Ross and L. Stodolsky, Phys. Rev. 149 (1966) 1172 

[26] R. Spital and D.R. Ycnnie, Phys. Rev. D 9 (1974) 126 

[27] International Europhysics Conference on High-Energy Physics, Jerusalem, 
Israel, August, 1997, http://www.hep97.ac.il/ 

[28] The HI Collaboration, Abstract 242, International Europhysics Conference 
on High-Energy Physics, Jerusalem, Israel, August, 1997 

[29] See contribution by L. West, these proceedings 

[30] L.L. Frankfurt, W. Kocpf, and M. Strikman, Phys. Rev. D 57 (1998) 512 

[31] M.G. Ryskin, R.G. Roberts, A.D. Martin, E.M. Levin, Z. Phys. C 76 
(1997) 231 

[32] J. Nemchik et al., LANL Preprint HEP-PH/96-05-208 (1996), published 
in the proceedings of the Int. Conf. on Hadron Structure, Stara Lesna, 
Slovakia (February, 1996) 

[33] The HI Collaboration, DESY Report 97-228 (1997) 

[34] J. Nemchik et al., LANL Preprint HEP-PH/97-12-469 (1997) 

[35] J. Nemchik et al., Z. Phys. 75 (1997) 71 

[36] B.Z. Kopeliovich and B.G. Zakharov, Phys. Rev. D 44 (1991) 3466 

[37] B.Z. Kopeliovich et al., Phys. Lett. B 309 (1993) 179 

[38] E. Gallo, LANL Preprint HEP PH/97-10-013 (Hamburg, Germany, July 
1997), XVIII Int. Symposium on Lepton-Photon Interactions 

[39] J.A.M. Vermaseren, Nucl. Phys. B229 (1983) 347 

[40] S.P. Baranov, O. Diingcr, H. Shooshtari, and J.A.M. Vermaseren, in 
Proceedings of the Workshop on Physics at HERA, Vol. Ill, edited by 
W. Buchmiiller and G. Ingclman (DESY, Hamburg, Germany, 1991), 
p. 1478 



23 



[41] The E665 Collaboration, Z. Phys. C 72 (1997) 237 

[42] The ZEUS Collaboration, Abstract 639, International Europhysics Confer- 
ence on High-Energy Physics, Jerusalem, Israel, August, 1997 

[43] The ZEUS Collaboration, Z. Phys. C 75 (1997) 215 

[44] The ZEUS Collaboration, Eur. Phys. J. C 2 (1998) 247 

[45] D. Wcstphal, Measurement of Elastic p° Photoproduction at HERA, Ph.D. 
thesis, University of Hamburg, 1997 

[46] A. Levy, LANL Preprint HEP- PH/97-12-519 (1997) 

[47] T. Monteiro for the ZEUS Collaboration, Paper 283, Chicago, Illinois, 
USA, April 1997, 5th Int. Workshop on Deep Inelastic Scattering and QCD 
(http://www.hep.anl.gov/dis97/) 

[48] J. A. Crittenden, LANL Preprint HEP-PH/97-09-031 (May, 1997), Con- 
tribution to PHOTON '97, the International Conference on the Structure 
and Interactions of the Photon in Egmond aan Zee, the Netherlands 

[49] L. Adamczyk for the ZEUS Collaboration, Paper 282, Chicago, Illinois, 
USA, April 1997, 5th Int. Workshop on Deep Inelastic Scattering and QCD 
(http://www.hep.anl.gov/dis97/) 

[50] The HI Collaboration, Abstract 274, International Europhysics Conference 
on High-Energy Physics, Jerusalem, Israel, August, 1997 

[51] J. Bartcls ct al., Phys. Lett. B 375 (1996) 301 

[52] K. Schilling, P. Seyboth, and G. Wolf, Nucl. Phys. B 15 (1970) 397 

[53] J. Ballam ct al., Phys. Rev. D 5 (1972) 545 

[54] F. Gilman et al., Phys. Lett. B 31 (1970) 387 

[55] K. Schilling and G. Wolf, Nucl. Phys. B 61 (1973) 381 

[56] See contribution by M. Diiren, these proceedings 

[57] A.D. Martin, M.G. Ryskin, and T. Tcubncr, Phys. Rev. D 55 (1997) 4329 

[58] The ZEUS Collaboration, Abstract 640, International Europhysics Confer- 
ence on High-Energy Physics, Jerusalem, Israel, August, 1997 

[59] See contribution by J. Whitmore, these proceedings. 



24 



